Staphylococcus aureus is an important pathogen that causes a variety of infections in man (11) . It is the predominant cause of intramammary infection in dairy cattle, sheep, and goats, which leads to considerable economic loss (7) . Staphylococci have many potential virulence factors, including alpha-, beta-, gamma-, and delta-toxins, coagulase, leucocidin, enterotoxins, and protein A. Strains isolated from bovine mastitis express many of these properties (13) , but the specific properties which contribute to intramammary virulence have not yet been determined. There are data which indicate that alpha-toxin (2, 14, 21) and coagulase (8, 14) are important, based upon studies with mice and rabbits. Vaccination studies in cattle indicate that protein A may be important in pathogenesis (15) , although other studies have given equivocal results (14) . Beta-toxin is commonly expressed by bovine strains, but its role in pathogenesis remains uncertain, although the purified protein has been shown to induce inflammatory changes in the mouse mammary gland (21) .
Jonsson et al. (14) used chemical mutagenesis to isolate mutants defective in alpha-toxin, coagulase, and protein A. These were studied in an infection model in the mouse mammary gland, and it was concluded that both alpha-toxin and coagulase contributed to virulence. Virulence was drastically reduced in a strain with a double mutation but was regained by a wild-type recombinant strain. Clear evidence for a role of protein A in virulence was lacking. These studies were hampered by the difficulty of ensuring that chemically-induced mutations were unaltered in other characteristics which might influence virulence.
In this study, strains in which the alpha-toxin genes, beta-toxin genes, or both have been inactivated by sitespecific mutagenesis were used to infect lactating mice and thus investigate the role of these toxins in bacterial virulence for the mammary gland.
* Corresponding author.
MATERIALS AND METHODS
Nomenclature and abbreviations. Alpha-and beta-toxins are referred to as Hly and Hlb, respectively. Strains with the ability to express these toxins are referred to as Hly+ or Hlb+, and those with the inability to do so are referred to as Hly and Hlb mutants.
Bacterial strains. The strains used and their properties are listed in Table 1 . The mutants were derived from two strains, M60 and 8325-4. M60 was isolated from a case of bovine mastitis and has been used extensively in pathogenesis studies (4, 5) . NCTC 8325 is a human strain which has been widely used in genetic studies (16, 18) . NCTC 8325-4 is a derivative of NCTC 8325 cured of prophages. The alphatoxin gene (hly) was inactivated by allele-replacement mutagenesis with an in vitro-constructed hly::Emr mutation (17) . The beta-toxin gene (hlb) was inactivated by lysogenization with a converting bacteriophage (42E) which integrates in the hlb gene (9) . Growth of organisms for infection studies. Vials containing approximately 109 CFUs of the S. aureus strains grown in Todd-Hewitt broth (Oxoid, Basingstoke, England), to which 12% glycerol was subsequently added as cryoprotectant, were stored at -20°C. To prepare a challenge inoculum, the contents of a vial were inoculated into 10 ml of Todd-Hewitt broth and incubated at 37°C for 8 h. Cells were harvested by centrifugation at 10,000 x g for 10 min, washed in phosphate-buffered saline (PBS), and diluted in PBS to contain the appropriate challenge dose in 0.1 ml. Viable counts were determined by dilution in PBS and plating on agar containing 5% calf blood incubated at 37°C for 24 to 30 h. This medium also served to confirm the elaboration of alpha-and betatoxin.
Intramammary inoculation of mice. The method of inoculation has been previously described (4 Role of alpha-or beta-toxin in the recovery of S. aureus after intramammary inoculation of mice. To examine the effects of alpha-and beta-toxins in isolation, mutants of 8325-4 were selected. Two groups of five (or in one case six) mice were inoculated in the R4 and L4 glands with approximately 108 CFU of DU5720 (Hly Hlb mutant), DU5719 (Hly+ Hlb), DU5725 (Hly Hlb+), or 8325-4 (Hly+ Hlb+). Six mice died or were killed (Table 3) , and the surviving mice were killed after 48 h; the glands were removed from all mice, and the bacteria were counted. Glands inoculated with S. aureus that produced either alpha-or beta-toxin alone showed significantly higher recoveries than did those inoculated with the Hly Hlb mutant DU5720 (Table 3) . Six mice inoculated with the toxigenic strains died, and the remainder showed more severe signs of illness than did the nontoxigenic strain, DU5720. Mice inoculated with DU5719 often showed a blue coloration around the teat and, as for DU5725, swelling was obvious. Both the toxigenic strains "Two glands were excluded because of contamination.
One mouse was destroyed after 24 h. " One gland was excluded because of contamination (11 mice inoculated).
produced macroscopic changes to the gland, a hemorrhagic discoloration, swelling, and were friable when dissected. DU5720 induced less severe changes, and the glands remained cream colored (with some areas of reddening) and elastic.
Histopathology of mammary infection with S. aureus. To examine the histopathological changes during infection, three groups of 10 mice were inoculated with 108 CFU of strain DU5719, DU5720, or DU5725. Pairs of mice were killed at 20 min or 2, 6, 8, or 24 h postinoculation. Glands were aseptically removed and halved. One half was used for bacteriological culture, and the other half was fixed and stained by the Gram stain method or with hemotoxylin and eosin.
Between 20 min and 2 h after inoculation, all strains could be seen closely associated with the secretory epithelium of the alveoli. Bacteria were also noted in the lumen of the alveoli, but these were generally associated with stained material, possibly cell debris or milk components. After 2 h, there was evidence of polymorphonuclear leukocytes (PMN) marginating in blood vessels and being present in the interalveolar tissue. After 6 to 8 h, PMN were accumulating in the alveoli and there were also changes to the secretory epithelium, most notably distension and vacuolation, and on occasions, cocci were seen within these vacuoles. At (Fig. IA) . There were large areas of necrosis, and abscesses were developing. In glands infected with DU5725 (Hly Hlb+), multiplication of bacteria had occurred within the alveoli and the organisms were often present in large clumps, apparently where they had been associated with a neutrophil which had subsequently disrupted (Fig. lb) . More PMN and macrophages were present in DU5725-infected glands than in DU5719-infected glands, but epithelial hyperplasia and vacuolation were marked and, in some areas, necrosis was advanced. In DU5720 (Hly Hlb mutant)-infected glands, the staphylococci were generally restricted to the alveoli in which there were many intact PMN often containing bacteria. There was less necrosis and greater preservation of cellular architecture than with the toxigenic strains, although a disseminated inflammation was present (Fig. IC) and some abscesses were developing. At this stage, the mean number of bacteria recovered per gland plus or minus standard error of the mean was 8.58 + 0.1 for DU5720, 9.05 ± 0.09 for DU5725, and 9.49 + 0.03 for DU5719.
Effect of endotoxin stimulation prior to inoculation on the recoveries of S. aureus from the mammary gland. Inoculation of 25 p.g of endotoxin into the R4 gland 6 h prior to infection led to an inflammatory response by the time of inoculation. Strains of S. alireiis were then introduced into both the R4 and L4 glands.
As before, the recoveries of Hly+ or Hlb+ S. aiureius were greater than those of the Hly Hlb mutant strain for glands not treated with endotoxin. In endotoxin-treated glands, the recoveries of all strains were similar and significantly lower (10-to 100-fold) than those from their control glands (Table   4) . DISCUSSION Infection models for the lactating mouse have been extensively used to investigate the pathogenesis of staphylococcal mastitis (4, 5, 14) . These models have many advantages over cattle for this work including cost, repeatibility, and the opportunities for microbiological or histological analysis of the entire gland. The lesions seen in staphylococcal mastitis in the mouse are similar to those that occur n cattle (5, 6), particularly if endotoxin is used to induce a chronic rather than an acute response.
Although acute staphylococcal mastitis occurs in the cow, it is less prevalent than in other species such as the rabbit (2) or sheep (6) . This is despite the fact that the majority of bovine strains elaborate alpha-toxin, which is known to be a lethal and necrotizing toxin (8, 13) . In this study, the acute effect of alpha-toxin was confirmed since Hly+ Hlb+ S. aiuireius often killed mice (12/20) within 48 h of infection while Hly Hlb+ mutants did not. However, inactivation of the alpha-toxin gene did not reduce the recovery of the staphylococci from the gland; indeed these mutants, which still elaborated beta-toxin, were recovered in higher numbers than the parent strains. These data might be consistent with reports of in vitro antagonism between alpha-and 1-toxins (12 After 6 to 8 h postinfection, an inflammatory response was present in the alveoli of infected glands and the majority of organisms appeared to be phagocytosed. This has been observed before, and the intracellular location of these bacteria is implicated in the resistance of staphylococcal mastitis to antibiotic therapy (5, 10) . Some PMN contained many phagocytosed staphylococci while others were free of bacteria. It is unclear whether this reflects arrival of the PMN in the gland at different times or different phagocytic potential of neutrophil subpopulations.
By 24 h postinfection, neutrophils in glands infected with the Hly+ strain became degenerate and fresh neutrophils were sparse. This may be due to the cytolytic activity of the alpha-toxin, perhaps combined with toxin-induced depression of chemotaxis (19) , although some PMN were marginating in blood vessels on the periphery of lesions and were present in the interalveolar tissues. In contrast, purified beta-toxin has been shown to promote a neutrophil response (21) . In the glands infected with the Hly Hlb+ strain, some lysis of neutrophils had occurred, but, in contrast to DU5719 glands, neutrophils were still present in large numbers. This had not prevented bacterial multiplication and invasion of interalveolar tissue by toxigenic staphylococci. In contrast, at 24 h postinoculation, the Hly Hlb+ staphylococci were associated with neutrophils which were predominately within alveoli. While the secretory alveolar cells were vacuolated, the alveoli were still distinguishable. Inoculation of the mammary gland with endotoxin led to the presence of neutrophils in the alveoli at the time of infection. This considerably modified the outcome of infection, with staphylococcal growth, survival, or both reduced 10-to 100-fold. Under these conditions, the recoveries of toxigenic and nontoxigenic staphylococci were similar. It has been reported that alpha-toxin is not detectable in the mammary gland by using the chronic infection model probably because the numbers of bacteria present are much lower (3 the bovine gland leads to the conversion of a subclinical infection with toxigenic staphylococci to an acute mastitis similar to that which occurs in the mouse (20) . Under such conditions, other factors may play a more crucial role in virulence than alpha-or beta-toxin. All these strains elaborate protein A on their surfaces and produce coagulase. These properties seem to correlate closely with intramammary virulence (14) , and we propose the examination of the roles of these and other factors in the mouse mastitis model with site-specific mutants ( 
